Theoretische Untersuchung des Kalandrierens von Polymeren

Introduction
Un-crosslinked polymers such as rubber or polymers in the melted or dissolved state exhibit non-Newtonian flow. When these materials are passed through a calender two calender rolls mix them and squeeze them out into thin layers. Calender rolls have parallel axes and rotate in opposite directions. Because of their high viscosity, the polymers are heated up during calendering through internal friction. Calender rolls can be heated as well as cooled. Different roll speeds cause the melt in the calender nip to be subjected to friction and to experience additional dissipative hea ting. Since the viscosity of polymers depends on the temperature, the velocity profile in the calender nip is has been head of th e Institu te of Pro cess Differential balance equations can be formulated for calculating the transport processes which take place • the fluid is incompressible,
• the calender nip can be regarded as an infinitely extended system in a longitudinal direction, roll l Walze 1
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October/Oktober 1991 1 153 The geometric quantities used are shown in Fig. 1 . The derivation of these differential equations has been explained in detail in [1] and the meanings of the symbols used are given in Table 2 .
The viscosity of polymer melts is a function of temperature and shear rate. For rubber melts, this relationship can be described by the flow law developed by Vinogradov and Malkin [20] .
a T takes the effect of temperature on viscosity into account. It is referred to as the temperature displacement factor.
-8,86
The differential equations and critical conditions formu lated in a Cartesian coordinate system are trans formed into a coordinate system matched to the geo metry of the calender nip, and solved using an implicit differential method to give the temperature, velocity and pressure profiles in the calender nip.
3 Presentation and discussion of results
Effect of roll temperature
The viscosity of polymers decreases with rising temperature. The temperature in the calender nip is influenced by the temperature at the point of entry into the nip and the roll temperature. In order to define the dimensionless quantities one can choose the tempera ture zero point at random. For this one uses the melt temperature at the point of entry into the calender nip.
As the roll temperature increases, the melt viscosity decreases, accompanied by a decrease in the shear stress on the roll surfaces. The pressure in the calen der nip is derectly proportional to the shear stress on 
EinfluB der Friktion
Als Friktion bezeichnet man unterschiedliche Umfangs geschwindigkeiten der Kalanderwalzen. Hier wird die Friktion als das Verhaltnis der Umfangsgeschwindigthe roll surfaces. It follows therefore, that the higher the roll temperature, the lower will be the pressure in the calender nip. This relationship is shown in Fig. 2. Fig. 3 shows the horizontal velocity as a function of nip width and the horizontal coordinate . Fig. 4 shows the temperature of the polymer melt as a function of location for a heated calender. The temperature of the calender rolls is taken to be higher than that of the melt where it enters the nip. This last temperature is taken as zero . The polymer melt heats up in the direction of flow, due to the dissipation of energy as well as through the transfer of heat from the rolls to the melt. Since a big temperature gradient appears on the rolls at the point of entry to the calen der nip, a considerable amount of heat passes into the polymer melt from the rolls at this point. Furthermore, the velocity gradients at this point are greatest and the melt viscosity is high because of the low tempera ture at the entry point. This is why the energy dissipa tion at the point of entry into the calender is specially high. This, together with the great amount of heat which is transferred from the rolls to the polymer melt, causes the big rise in temperature of the roll surface at the point of entry to the calender nip. Inside the nip, the amount of energy dissipated and the amount of heat passing from rolls to polymer melt is less than at the point of entry -which is why the melt temperature does not change all that much once it has entered the nip.
The temperature in the calender nip of a cooled calen der is shown in Fig. 5 . The roll temperature is lower than the temperature of the melt at the entry into the calender nip. Here one must differentiate between two regions: where the melt is close to the roll surface, the amount of heat transferred to the rolls is greater than the amount of energy dissipated. In this region, there fore, the melt temperature decreases in the direction of flow. Slightly farther away from the roll surface, the amount of heat produced through dissipation of energy is greater than the amount of heat given off through conduction. In this region, the temperature initially increases in the direction of flow. In the region of maximum pressure at x* =-0.32, the amount of energy dissipated is so small that the temperature drops again and remains about constant in the region behind the point of maximum pressure. At the centre of the calender nip the temperature decreases con tinuously, due to heat being conducted away from the regions with high energy dissipation.
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The friction ratio i s defined as the ratio of the different speeds of two calender rolls forming a nip. Friction ratios are used to ensure that polymer melt passes from the roll rotating at a lower speed to the one rota ting at a higher speed. For this, a friction ratio of about 1.05 is sufficient. Friction ratios up to 1.5 are used for coating fabrics. Here, the melt is forced into the fabric by the great speed differences between the two rolls. This ensures especially good adhesion between polymer and fabric. Fig. 6 shows the horizontal velocity in the calender nip for a friction ratio, f, of 1.4. Because of the different speeds of the rolls, the horizontal velocity profile is not symmetrical towards the nip centre. The biggest velocity gradients occur in the melt flow in the region in front of the point of maximum pressure, on the faster rotating roll. This explains why the increase in temperature through dissipation is greater in this region for a faster rotating roll than for one that rotates more slowly. This can be seen in Fig. 7 , which shows the temperature inside the calender nip. In contrast to calendering at identical roll speeds, the shear rate -and therefore also the energy dissipation for calendering with friction -is not zero at the nip centre. The melt therefore heats up in the nip centre, so that the temperature differences along the width of the nip are not as great as those for calendering without friction.
Simplified method of calculation
The effect of various parameters on calendering can be investigated using the numerical solutions of the differential equations. These equations are, however, unsuitable for practical purposes because they are too difficult and complicated to solve. As far as the engineer is concerned, the two important operating gleichungen vorgestellt, mit denen der maximale Druck im Kalanderspalt und die Antriebsleistung der Walzen berechnet werden kann. Diese Gleichungen wurden durch Korrelation der numerischen Lbsungen ermittelt. Damit berechnet sich der maximale Druck im Walzenspalt zu:
Die Genauigkeit dieser Naherungsgleichung ist in Abb. 8 dargestellt.
Die im Kalanderspalt dissipierte Leistung ist gleich der Antriebsleistung der Kalanderwalzen. Diese laBt sich naherungsweise durch die Gleichung berechnen. Die Genauigkeit dieser Naherungsgleichung ist in Abb. 9 dargestellt. parameters are the maximum pressure in the calender nip and the drive power of the rolls. Analytical equa tions can be given for the flow of Newtonian liquids in the calender nip, but this is not possible for non Newtonian liquids. Here, we introduce two approxi mation equations which enable the maximum nip pressure and the drive power of the rolls to be calcu lated. These equations were formulated by correlating the numeric solutions. With these one can calculate the maximum nip pressure :
The energy dissipated in the calender nip equals the drive power of the calender rolls. This can be calcu lated approximately:
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The accuracy of this equation is shown in Fig. 9 . illi i Rh 
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